The GOCE (Gravity eld and steady-state Ocean Circulation Explorer) satellite gravity gradiometry mission maps the Earth's gravity eld. Harmonic analysis of GOCE observations provides a global gravity eld model (GGFM). Three theoretical strategies, namely the direct, the space-wise and the time-wise approach, have been proposed for GOCE harmonic analysis. Based on these three methods, several GGFMs have been provided to the user community by ESA. Thereby different releases are derived from different periods of GOCE observations and some of the models are based on combinations with other sources of gravity eld information. Due to the multitude of GOCE GGFMs, validation against independent data is a crucial task for the quality description of the different models. In this study, GOCE GGFMs from three releases are validated with respect to terrestrial free-air gravity anomalies in Norway. The spectral enhancement method is applied to avoid spectral inconsistency between the terrestrial and the GOCE free-air gravity anomalies. The results indicate that the time-wise approach is a reliable harmonic analysis procedure in all three releases of GOCE models. The spacewise approach, available in two releases, provides similar results as the time-wise approach. The direct approach seems to be highly affected by a-priori information.
Introduction
The satellite mission GOCE (ESA, 1999; Rummel, 2010) maps the Earth's gravity eld at a spatial resolution of 100 km or better and at almost a global coverage. The primary observation is the gravity gradient tensor (second order derivatives of the gravitational potential) which is derived from differential accelerations. In addition, position and orientation of the satellite are continuously measured. From the raw observations, several GOCE products are derived in processing centers on ground. Level-2 data thus represent the nal scienti c output to be applied in ocean science, solid earth physics and geodesy. An important level-2 GOCE product is a global gravity eld model also combined with other data sources, such as terrestrial gravity, satellite altimetry, or with the satellite gravimetry missions CHAMP and GRACE, see http://icgem.gfz-potsdam.de/ICGEM/. This variety of GGFMs raises the question of their performances. This is a subject of validation studies to ensure that the measurement process, error estimation, calibration, and the spherical harmonic analysis have been properly done. Validation results give insight into the correctness of the GGFM processing chain. In addition, users in the geo-scienti c community obtain an independent evaluation of models which may be helpful in their future applications. Several validation studies of GOCE GGFMs have been performed. Different testing data and regions, validation procedures, and sets of evaluated GGFMs have been used. Gaussian ltering was applied Voigt and Denker, 2011) to test the release 1 and 2 models by comparing gravity anomalies, height anomalies, and de ections of the vertical in Germany. Two-dimensional fast Fourier transform ltering was used by prlák et al. (2011) to validate the GOCE release 1 models with gravity anomalies and geoid undulations over Fennoscandia. Gruber et al. (2011) tested the release 1 with respect to GPS/leveling geoid undulations in several regions worldwide. To obtain spectral consistency of GOCE and terrestrial data, they applied the spectral enhancement method. The same validation procedure was used by Hirt et al. (2011) validating GOCE release 1 models with gravity disturbances and deections of the vertical in Europe and Australia. They also performed a global analysis of release 1 models with respect to the EGM2008 model (Pavlis et al., 2008) . Pail et al. (2011) assessed the performance of release 1 models comparing various characteristics in the spectral and the spatial domain. Janák and Pito¬ák (2011) analyzed the rst two GOCE releases by comparing gravity anomalies, height anomalies, and the de ections of the vertical in Central Europe. Least squares collocation was applied in Tscherning and Arabelos (2011) to recover gravity anomalies in various regions worldwide for validation of release 1 and 2.
These studies have proven more or less consistent representations of the Earth's gravity eld by the different analysis strategies. An improvement of release 2 relative to release 1 models has been reported, especially at higher degree and order (d/o) spherical harmonic coefficients. To con rm and extend previous studies, we performed an independent validation of GOCE models in release 1, 2 and 3 in this study. For this purpose, terrestrial free-air gravity anomalies in Norway were used. To avoid spectral inconsistency between GOCE and terrestrial free-air gravity anomalies, the spectral enhancement method was applied. The validation methodology is described in more detail in section 2 of this paper and the numerical experiments are described in section 3. In section 4, the validation results are discussed. The main results of this study are summarized in the conclusions.
Validation of a GOCE GGFM
The determination of a GGFM based on GOCE observations is a sophisticated process. It begins with observing the basic quantities, i.e. the outputs of the accelerometers, the satellite-to-satellite tracking and the star tracking data, onboard of the satellite. Postprocessing involves calibration of the basic quantities, and more advanced quantities with physical and geometrical relevance to the Earth's gravity eld, i.e. linear accelerations, gravitational tensor components or satellite orbits are derived (Bouman et al., 2009; EGG-C, 2010; ESA, 2010; Bock et al., 2011; Frommknecht et al., 2011) . The advanced quantities are exploited in the spherical harmonic analysis methods. At this nal step, the direct, the space-wise and the time-wise approaches may be used to determine a GGFM. The three approaches are distinguished in the type of a-priori information, stochastic modeling of the gravitational tensor components, spatial resolution and numerical technique for the evaluation of the spherical harmonic coefficients in the low and high frequencies of the Earth's gravity eld (Pail et al., 2011) . Therefore, differences between the various Earth's gravity eld representations may be expected.
Veri cation of the evaluation process (composing measurement and processing phases, calibration, and spherical harmonic analysis) is the main motivation for the validation of GOCE GGFMs with independent data (Koop et al., 2001) . It is also important in order to test if the primary goal of GOCE is accomplished, i.e. determination of the geoid with accuracy 1-2 cm and gravity anomalies with accuracy of 2-3 mGal at the spatial resolution of 100 km. Given a GOCE GGFM, its validation is performed by comparing an arbitrary functional of the gravity or disturbing potential to independent knowledge. This knowledge is provided by available datasets in the form of gravity, positioning, leveling or astronomical measurements on the ground. Data availability, suitable distribution and satisfactory quality, allowed validation with point free-air gravity anomalies in this study. The following considerations are therefore restricted to this functional of the disturbing potential. At rst sight, the validation appears to be straightforward, involving a simple comparison between the GOCE and the terrestrial free-air gravity anomalies. However, while the GOCE anomalies are composed of the low and the middle frequencies, the terrestrial anomalies contain all frequencies of the Earth's gravity eld.
The inconsistency due to the different spectral content has to be treated properly in validation by numerical ltering or by applying the spectral enhancement method. We have assumed the following de nitions in this paper: the term low frequencies represent spherical harmonic degrees in the range 2-100; middle frequencies cover the range 101-250; high frequencies correspond to degrees 251-2190; and the frequencies above gravity eld spectra may be found in the literature, relation between the alternative de nitions is simple and straightforward.
Filtering method
An intuitive way to perform validation in a consistent manner is offered by a ltering method Voigt et al., 2010; prlák et al., 2011; Voigt and Denker, 2011 ), see Fig. 1 . The terrestrial free-air gravity anomalies ∆g ter are transformed into the spectral domain. Then a low-pass mathematical lter is applied to remove the high and very-high frequencies of the terrestrial freeair gravity anomalies. The ltered signal is transformed back into the space domain obtaining the free-air gravity anomalies ∆g filter .
These are compared with the GOCE free-air gravity anomalies
The development of an accurate ltering method is a challenging task due to several reasons. Mathematical approximations in the direct transformation from space to frequency domain and its inverse may introduce unnecessary errors. The ability of a mathematical lter to remove undesired frequencies may be questioned.
To obtain spectrally consistent GOCE and terrestrial free-air gravity anomalies, the same mathematical lter should be applied to both datasets. In addition, the ltering method should be applied to regularly distributed data. This requirement is ful lled only when available irregular data are interpolated or averaged which may degrade the accuracy of the original measurements.
Spectral enhancement method
The spectral enhancement method (SEM) was originally proposed to improve the Earth's gravity eld using high resolution data. This approach has been used in recovering various functionals of the disturbing potential, i.e. height anomalies , geoid undulations , de ections of the vertical (Hirt, 2010; Hirt et al., 2011) , and gravity disturbances (Hirt et al., 2011) . In this study, we apply the SEM to free-air gravity anomalies for validating GOCE GGFMs. In contrast to the ltering method, high and very-high frequencies of the Earth's gravity eld are modeled directly in the SEM, see resolution GGFM, the gravitational effect ∆g RT M of masses of a residual terrain model (RTM; Forsberg, 1984) is calculated. After removing the high and very-high frequency terms, GOCE and SEM free-air gravity anomalies of the same spectral content are compared.
One advantage of the SEM is its independence of data distribution. This allows preserving the accuracy of the original observations. However, SEM results may be affected by the accuracy of the modeling methods and the complementary data. Therefore, algorithms should be selected properly.
Numerical experiment

Terrestrial free-air gravity anomalies
The terrestrial free-air gravity anomalies used in this study are referred to as the national gravity database, administered by the Geological Survey of Norway (Gellein et al., 1993) . The database contains 69 773 gravity stations. The observations were made by relative gravimetry. For geodetic purposes three stations were measured by pendulum to serve as reference gravity values. A rst order national net was established relative to these stations, and further densi cation followed. The majority of the observations were made for purposes other than geodetic. Except for occasional data gaps in the central and the northern parts of Norway and very dense data along the southern and south-eastern coasts, the gravity stations are distributed more or less regularly over the whole continental part of Norway, see Fig. 3 . The average distribution of gravity stations is 1 point per 5 km 2 .
Local gravity has been observed over a time span of several decades and with various gravity instruments. The estimated precision of the observed gravity is at the level of 0.2 mGal, which is approximately one order less than the expected accuracy of GOCE models. Therefore, the database may be suitable for our validation purpose. In addition, the number of gravity stations represents a rich statistical sample. The free-air gravity anomalies range from -141.279 mGal to 205.467 mGal, with a standard deviation of 37.426 mGal and a mean value of 9.567 mGal. A rough pattern of the depicted terrestrial free-air gravity anomalies is in Fig. 3 . 
Overview of the validated GGFMs
In total, ten GOCE-derived GGFMs were validated in our numerical experiments. Based on two months of GOCE observations, four The second release of GOCE models is based on eight months of observations. These are denoted by r2 in Tab. 1, and extend to d/o 240-250. Goiginger et al. (2011) combined GRACE and eight months of GOCE data resulting in GOCO02S model. The third release of GOCE models is based on 15 months of observations. Two pure GOCE models have been made available by (Bruinsma et al., 2010) and Pail et al. (2011) . To illustrate the contribution of GOCE, two more models were included in the numerical experiment. The model ITG-GRACE2010s (http://www.igg.unibonn.de/apmg/index.php?id=itg-grace2010) is derived from GRACE observations only and contains spherical harmonic coefcients up to d/o 180. EGM96 (Lemoine et al., 1998 ) is the only combined representation of the gravity eld in this study. An overview of all models used in this study is given in Tab. 1.
Employment of the SEM
Validation was performed by comparing spectrally consistent GOCE and SEM free-air gravity anomalies. We developed our own algorithms for this purpose.
Given the terrestrial free-air gravity anomaly ∆g ter , the terms ∆g GOC E , ∆g GGF M and ∆g RT M (see Fig. 2 ) were modeled in the following way:
The term ∆g GOC E -low and middle-frequency contribution
The contribution of each validated GGFM was evaluated by the spherical harmonic synthesis program GRAFIM (Janák and prlák, 2006) . In this study we employed the ellipsoidal approximation of the free-air gravity anomaly (Heiskanen and Moritz, 1967, Eq. 2-147c) , by implementing the series expansion of the ellipsoidal approximation (Wenzel, 2005) in the GRAFIM software. Alternative series expansions may be found in Hipkin (2004) and Claessens (2006) . The differences between the ellipsoidal and the spherical approximations of the free-air gravity anomalies are in the range from -0.227 mGal to 0.257 mGal with a standard deviation of 0.060 mGal and a mean value of 0.001 mGal (see Fig. 4 ). The total variation of the differences is small, but to preserve the theoretical accuracy of 0.1 mGal in the SEM, the ellipsoidal approximation of the free-air gravity anomaly is superior.
Variable maximum d/o of the spherical harmonic coefficients was considered in the spherical harmonic synthesis. In such a way, varying contribution of the low and the middle frequency part was tested (see section 4). For each of the GOCE and the ITGGRACE2010s models, the spherical harmonic synthesis in the range from degree 2 up to the maximum available d/o was performed. In the case of the EGM96 model, expansion degrees between 2 and 250 were considered.
The evaluation was performed at each gravity station according to its ellipsoidal latitude, longitude, and height above sea level. The ellipsoidal coordinates are de ned in the GRS80 (Moritz, 2000) reference system, which was also used to generate the normal gravity eld. The terrestrial free-air gravity anomalies were available in the zero-tide system, while the implicit tide-system of the validated models may be different. To avoid inconsistencies, the modeled free-air gravity anomalies were transformed into the zero-tide system.
A consistent treatment of the atmospheric effect is similarly required. The GOCE free-air gravity anomalies do not contain any effect of the atmospheric masses. To obtain consistent terrestrial free-air gravity anomalies, an atmospheric correction must be added to the observed gravity. We applied the approximate formula by Wenzel (1985) to calculate the atmospheric correction which ranges from 0.651 mGal to 0.874 mGal at the gravity stations (see Fig. 4 ). A signi cant mean value of 0.839 mGal causes a bias of the terrestrial free-air gravity anomalies, while only small variation is indicated by the standard deviation of 0.040 mGal.
The term ∆g GGF M -high-frequency contribution
The term ∆g GGF M was computed for values of the spherical harmonic coefficients between the variable maximum d/o and d/o 2190 for each validated GGFM. For this purpose, we used the highresolution model EGM2008 (Pavlis et al., 2008) . Numerical problems were avoided by implementing Horner's scheme (Holmes and Featherstone, 2002) in the GRAFIM software. 
The term ∆g RT M -very-high frequency contribution
Above the resolution of the EGM2008 model, the very-high frequency contributions were computed as the gravitational attraction of masses enclosed within a residual terrain model (RTM).
The RTM was obtained as the difference between a high resolution digital elevation model (DEM) ACE2 (Berry et al., 2010) and a smooth topographical surface, computed from the elevation model DTM2006.0 (Pavlis et al., 2007) provided in the form of topographical spherical harmonic coefficients. The required DTM2006.0 heights were synthesized by the GRAFIM software up to d/o 2160. Subsequently, the gravitational attraction of the RTM was evaluated. At each location of the database, numerical integration by the tesseroid approach (Martinec, 1998) was applied as implemented in the program dte_dp1 . This approach obtains higher computational efficiency and accuracy compared to the prism approach used in the original formulation of the SEM (Heck and Seitz, 2007) . A key parameter in the numerical integration is the size of the integration radius. To reduce computational time, the numerical integration was divided into two zones, an inner and an outer zone. The inner zone makes use of ner discretization of the tesseroids. The centre of the rectangular inner zone is placed at the evaluation point. The extension of the rectangle is 10
′ . In the inner zone, the tesseroid discretization size is 3 ′′ × 3 ′′ . For distances between 10' and a maximum distance ψ a discretization of 30
′′ × 30
′′ was used. Numerical experiments using variable maximum distances showed that the contribution beyond 0.5 • is negligible. Therefore, we used a maximum integration radius of ψ = 0.5
• . Throughout the numerical experiments, a standard rock density value 2670 kg·m −3 of the masses within the RTM was considered. Density anomalies within the masses were neglected. For an evaluation point located under the smooth topographical surface, a harmonic correction term was applied as described in Forsberg (1984) .
Results
Evaluation of the validated models
The performance of the GGFMs was evaluated by computing the differences between the spectrally consistent free-air gravity anomalies ∆g SEM and ∆g GOC E , and their standard deviations. The standard deviation is always larger than 4.3 mGal. This is illustrated by the black line which represents the ability to obtain the observed free-air gravity anomaly signal by combining the EGM2008 model with the gravitational effect of the RTM. In other words, this value of the standard deviation is the highest accuracy of the SEM. Since our attempt was to minimize any algorithmic approximations, the accuracy limitations are caused mainly by errors in EGM2008, ACE2 DEM, and DTM2006.0. Our result is compara-ble to the value of 4.5 mGal obtained by Hirt et al. (2011) . They modeled gravity disturbances in the rugged terrain of Switzerland, not unlike the terrain of Norway. To illustrate the effect of the RTM, its omission leads to a signi cant increase of up to 20.7 mGal for the standard deviation of differences between the terrestrial and EGM2008 free-air gravity anomalies. Modeling the high frequency contributions is therefore a substantial part of the SEM in rugged terrain.
The standard deviation has characteristic behavior for different models (see Fig. 5 ). EGM96 is comparable to the other models approximately up to d/o 50. Its standard deviation then increases slowly up to 5 mGal at d/o 250. ITG-GRACE2010s and all GOCE models show the improvements of the satellite missions at low and part of the middle frequencies. Beyond d/o 160-190 EGM96 shows better performance, caused by the terrestrial data included in this model. The deviations of the pure satellite models from EGM2008 are very small up to d/o 120. Beyond this value the standard deviations of the satellite models increase exponentially. This is evident for ITGGRACE2010s, which shows signi cant increase at d/o 120-180. The GOCE models are signi cantly better in this frequency range than GRACE Hirt et al., 2011) , due to higher spatial resolution and more accurate gravity eld information.
High standard deviations for the GOCE models are shifted towards high frequencies. The rate of change and starting point depends on the theoretical strategy and the release. The rst release in Fig. 5a shows that the standard deviations for GOCO01S
and GOCE_TIM_r1 are very similar. This is due to the application of almost the same theoretical procedure in evaluating both sets of spherical harmonic coefficients. Slightly different values (differing by only a few tenths of mGal from the time-wise models) are noted for GOCE_SPW_r1, determined by the space-wise approach. However, GOCE_DIR_r1 (direct approach) deviates signi cantly from the other models, particularly above d/o 180 where GOCE_DIR_r1 is superior. These results are in very good agreement with previous validation studies , Hirt et al., 2011 Pail et al., 2011) . In the second release, equivalent phenomena for the time-wise and space-wise methods are evident (see Fig. 5b ). The models GOCO02S and GOCE_TIM_r2 are almost identical in the whole spectral range, while GOCE_SPW_r2 differs by only few tenths of mGal. Unlike in the rst release, the direct method (GOCE_DIR_r2) seems to perform worse compared to the other solutions (Janák and Pito¬ák, 2011; Tscherning and Arabelos, 2011; Voigt and Denker, 2011) and observed free-air gravity anomalies: a) EGM96, ITGGRACE2010s and GOCE models in release 1, b) GOCE models in release 2, c) GOCE models in release 3.
leads to worse performance in the middle frequencies. Moreover, the GOCE_DIR_r2 standard deviations show two local maxima at d/o 185 and 200 which have not been observed in previous validation studies. Two GOCE models are available for release 3 (see Fig. 5c ), namely the direct and the time-wise models. Both are very similar for all degrees and orders. We note that GOCE_DIR_r2 was selected as a-priori model in the third release model GOCE_DIR_r3. A reasonable choice of a-priori information in the direct method leads to a competitive performance with respect to the time-wise solution.
Improvements of the GOCE models by release
Improvements may be expected from one release to the next as more data become available. Therefore, the standard deviations of higher release GOCE models should decrease. Hirt et al. (2011) introduced a threshold for the signal loss in validating the rst release GOCE models, chosen as a multiple of the standard deviation for EGM2008. Similar thresholds seem to be a good criterion for de-tecting possible improvements in the three releases of GOCE models.
In our validation study the standard deviation for EGM2008 model is 4.3 mGal. Considering a threshold 10% larger than the standard deviation of the EGM2008 (and therefore detecting 10% loss of a signal), we obtain the value of 4.7 mGal. The threshold is exceeded at degrees 180-190 for the models GOCO01S, GOCE_SPW_r1, and GOCE_TIM_r1 (Fig. 5a ). This is in very good agreement with Hirt et al. (2011) . In the second release, the standard deviations of GOCO02S, GOCE_SPW_r2 and GOCE_TIM_r2, reach the threshold approximately at degree 200 (Fig. 5b) . The a-priori information in GOCE_DIR_r2 reduces its performance. Further improvements can be seen in the third release (Fig. 5c) . The standard deviations of the models GOCE_DIR_r3 and GOCE_TIM_r3 go beyond the threshold value at d/o 210 and 215, respectively.
The relative improvements are illustrated as the ratios between the standard deviations of subsequent releases (Fig. 6 ). All three releases are almost identical up to d/o 150. For release 2 relative to release 1 (Fig. 6a) , we observe similar relative improvement for all GOCE models above d/o 150 (except GOCE_DIR_r2). The improvement is more pronounced for higher degrees and reaches maximum values of about 21% for the time-wise and the space-wise models. This is approximately half of the improvement observed by Voigt and Denker (2011) in Germany.
We suppose that the different gain is caused by the location of the testing areas. Our results were obtained at higher latitudes, where convergence of the satellite ground tracks results in a denser distribution of observations (Fig. 7) . Therefore a better performance of higher degree and order spherical harmonic coefficients is achieved. Improvement of release 2 relative to release 1 may be expected in a higher frequency range at higher latitudes. However, the signal contribution of higher frequencies is generally smaller and therefore more pronounced improvement with higher release is obvious in areas closer to the equator, e.g. in Germany.
GOCE_DIR_r2 performs worse in release 2 compared to release 1. This is because GOCE_DIR_r1 is biased towards the terrestrial data contained in a-priori model. In contrast, GOCE_DIR_r2 is free from terrestrial data and therefore performs worse at high degrees.
For the direct method, an exponential decrease of the relative improvement down to 66% is noted due to the a-priori information problem (Fig. 6a) . Further advances of release 3 with respect to release 2 are demonstrated in Fig. 6b . The improvement is less than 5% up to d/o 210 and then increases to 15% at the highest frequencies for the time- 
Summary and Conclusions
Several gravity eld models derived from GOCE are available.
These models differ in the applied analysis strategy (the direct, the time-wise, and the space-wise method) and in the type and amount of data included (release 1, 2 and 3; pure GOCE vs. combination with other data sources). To assess the performance of the various GOCE models, these have been validated against free-air gravity anomalies in Norway. To ensure spectral consistency between GOCE and terrestrial data, we applied the SEM method with high and very high frequencies derived from EGM2008 and an RTM model. It was shown, that the combination of EGM2008 and the RTM model allows reproducing the terrestrial data to 4.3 mGal (standard deviation over the whole of Norway). This is in good agreement with the study of Hirt et al. (2011) who applied the same method in Switzerland. Further modi cations of the SEM should take into account density anomalies in the study region.
For GOCE models at release 1 and 2, we have shown consistency of the time-wise models which are comparable also with the spacewise solutions. Improvements in release 2 are detected, especially for the highest frequencies. Models based on the direct method are highly affected by a-priori information. This holds true especially for the release 1 model because it is based on an a priori model containing terrestrial data. Since the corresponding release 2 model does not make use of any terrestrial data, there is a degradation of release 2 with respect to release 1. Still the quality of release 2 is comparable to the time-wise and space-wise solutions. Similar ndings have also been reported in previous validation studies.
We have detected local maxima at d/o 185 and 200 for the direct method in the second release. Since the maxima are not present in the other GOCE solutions and since they also vanish in release 3 of the direct approach, we assume their occurrence is due to either erroneous processing steps (e.g. in the applied reductions) or due to constraints in release 2 of the direct method. However, the model description does not give any information that could explain this behavior.
We have found an improvement of release 2 with respect to release 1, except for the direct solution, of approximately one half of the magnitude smaller than reported by Voigt and Denker (2011) . This discrepancy is probably caused by the location of our testing region at higher latitudes. A further contribution of this study is the validation of release 3 direct and time-wise GOCE models. Both are comparable in the entire spectral range with slightly smaller residuals for the time-wise solution. If there are no processing errors in release 2 of the direct method, the improvement in release 3 might suggest that an iterative procedure can help to minimize the dependence of the solution on a-priori information -at least if additional observations are taken into account as well. We show further improvement of the release 3 models with respect to release 2.
The results of this study and the agreement with other validation attempts prove the homogeneity of the Earth's gravity eld provided by the GOCE satellite mission. In the near future, models based on reprocessed GOCE observations will be provided. Moreover, we can expect combination solutions with numerous other gravity eld data sources. Therefore further and continued validation studies will be necessary to ensure the quality of future GOCE models, thus promoting broad exploitation of the new-generation models in the geo-scienti c community.
